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Abstract—The development of ultra-low carbon emission 
electric vehicles (EVs) has been grown rapidly over the last 
years in response to the large share of greenhouse gas emissions 
contributed by the transportation sector. One of the main issues 
among EV drivers is range anxiety, which mainly results from 
the long charging battery durations. DC fast charging, the latest 
charging technology, aims to shorten charging duration; 
however, the success of e-mobility will be also related to the 
capacity of the distribution network to integrate the new EVs 
and their chargers. Specifically, the integration of EVs and DC 
fast chargers will increase the peak demand and may pose 
significant challenges for MV and LV distribution networks if 
adequate control measures are not implemented. This paper 
introduces a topology for the modelling and connection of a DC 
fast charger on a real MV/LV distribution network and ensures 
that the network operates within acceptable limits and that 
consumers connected to it are minimally affected. Simulation 
results show that DC fast chargers stress the LV distribution 
network by causing grid congestions; however, local voltage 
control measures and a vehicle-to-grid technology can improve 
some of the grid-side challenges. 
Keywords—Distributed generation, electric vehicles, fast 
charging, low voltage distribution network, vehicle-to-grid, 
voltage control  
I. INTRODUCTION  
The transportation sector produces a large share of 
greenhouse gas and particle emissions. The society is deeply 
concerned about the health and environmental impacts 
resulting from the dependence on fossil fuels. The 
replacement of internal combustion engine vehicles (ICEVs) 
with electric vehicles (EVs) is a vital solution to achieve the 
electrification of the transport sector while, at the same time, 
reduce the dependence on fossil fuels and save up to 2.3 tons 
of carbon dioxide annually [1, 2]. According to [3], the EV 
stock is projected to reach 230 million vehicles by 2030. 
However, a limited capacity of the existing power networks, 
long charging durations and limited charging options for 
vehicles, and the high investment costs of EVs associated with 
battery prices are some of the main challenges to consider [4, 
5]. The massive deployment of EVs may also significantly 
affect the operation and planning of medium voltage (MV) 
and low voltage (LV) distribution networks. To maintain a 
stable and secure system operation with the integration of EVs 
and their sophisticated chargers, it is of high importance to 
ensure acceptable voltage profiles and minimise network 
losses and overloading of network equipment [6, 7]. 
There are three main modes of EV charging. Level I (slow-
speed) and Level II chargers (normal/medium-speed) are 
widely used and deployed at the residential level in AC. Level 
I and Level II chargers output a charging power of up to 3 kW 
and 20 kW, respectively. Moreover, the duration of charging 
a fully depleted EV battery may take up to 15 hours and 4 
hours using these charger modes, respectively [6, 8, 9]. This 
charging duration is relatively slow when compared to the gas 
refuelling speeds of ICEVs, and the aim is to shorten the 
charging duration by introducing a higher-level charging 
topology, namely, Level III or public DC fast/rapid chargers. 
According to [10], Level III chargers help to improve 
customer satisfaction and reduce range anxiety among drivers 
(i.e., concern that the battery power may run out before a 
suitable charging point is reached) [10]. The development of 
Level III chargers will also increase access to public charging 
facilities, improve end-user experience, facilitate smooth 
traffic operation, and reduce the waiting and service time at 
stations [11, 12]. However, Level III chargers operate at or 
higher voltages than 480 V DC and require very high power 
to achieve fast charging. Because of this, these chargers will 
account for a large part of the total energy consumption and, 
hence, pose challenges for existing electric networks. 
There is a limited amount of practical work analysing the 
integration, modelling, control and impacts of DC fast 
chargers on electrical distribution networks [6, 13]. In the 
current literature, a greater focus is directed to whether the 
existing power networks can support the connection and 
operation of Level III chargers considering the ever-rising 
electricity demand and consumption. Several studies related 
to the charging of EVs in test networks can be found in the 
literature. The objectives of the studies vary, including 
analysing the effects of fast chargers on harmonics [14], 
voltage profiles and power losses [15, 16], comparing network 
losses at different EV penetration rates [16], investigating 
voltage fluctuations and voltage flicker with fast charging 
stations in power systems [17, 18], presenting an optimisation 
approach to find the optimal placing of fast charging stations 
[19], investigating the impacts of fast chargers on transformer 
loading [11], designing an optimal fast charging station in LV 
networks [7], and reviewing the impacts of vehicle-to-grid 
(V2G) technology on distribution systems [20].  
In order to bridge the main research gap, this paper instead 
models a practical MV/LV distribution network and 
investigates the dynamics and effects of modelling and 
connecting Level III DC fast chargers. The modelling and 
implementation of small-scale distributed generation (DG) 
units and V2G technology is presented to reduce the potential 
effects of fast chargers on distribution network operation and 
equipment. 
II. LEVEL III PUBLIC DC FAST CHARGING STATIONS 
Level I and Level II charging is mainly performed at the 
residential level and, hence, these chargers are usually 
connected at the LV side of the distribution network. 
However, Level III public fast chargers operate at high DC 
voltages and draw larger powers from electrical grids. 
Therefore, DC fast charging stations are also connected at the 
MV level in distribution networks so that higher levels of 
charging power can be supplied to the point of connection [13, 
21].  
A. Modelling and connection of DC fast chargers to grids 
There are three main stages when connecting a DC fast 
charging station to a distribution network (see Fig. 1). A 
suitable location and voltage level are initially chosen in the 
network. In this paper, a 50-kW fast charger is connected to 
one of the 0.4 kV busbars next to a commercial load by a three-
phase 0.4/0.69 kV step-up transformer to achieve the charging 
level for the battery. 
A bidirectional two-level three-phase voltage source 
converter (VSC) is then designed and connected to transform 
the AC voltage into a suitable DC voltage at the point of 
charging. This converter (see Fig. 2) is essential at connecting 
the charger to the network at a suitable voltage level. The VSC 
consists of six insulated-gate bipolar transistor (IGBT) 
switches (S1 − S6)  that are controlled using pulse-width 
modulation (PWM), six anti-parallel diodes (D1 − D6)  to 
enable current flow, and two capacitors (C) to reduce voltage 
ripple. Lastly, a DC/DC charger (see Fig. 3) with a buck-boost 
DC/DC converter and an equivalent battery model operating 
at 500 V DC voltage is connected in series with the VSC to 
achieve the required charging voltage, current and power for 
the batteries of vehicles [13, 21]. The rating of the charger 
equipment determines the duration of charging.  
A buck-boost DC/DC converter with an equivalent battery 
model is developed to represent the dynamic and transient 
response of EV charging. Buck-boost DC/DC converters 
consist of two switching transistors (Sbuck) and  (Sboost) with 
anti-parallel diodes to enable bidirectional power and current 
flow. There are two operating principles in buck-boost 
converters, namely, buck mode to charge the battery, and 
boost mode to discharge it. The direction of current flow 
determines whether the battery is charging or discharging. 
Typically, the converter operates in buck mode and charges 
the battery if Sbuck is switched on and Sboost is switched off, 
whereas the converter operates in discharging boost mode 
when Sboost is switched on and Sbuck is switched off [22].  
There are four main DC fast charger standards in the 
current market, namely, the Chinese GB/T, the Japanese 
CHAdeMO, Tesla Superchargers and the Combined Charging 
System (CCS). These standards draw high power from grids 
and deliver high DC current to charge vehicles. Currently, the 
Japanese CHAdeMO standard is publicly the most available 
option delivering between 50 to 62.5 kW by 500 V per vehicle. 
There is also a revised CHAdeMO version enabling up to 400 
kW by 400 A DC [23].  
Constant charging and discharging at such high levels may 
damage and shorten the life of batteries [24−27]. Generally, a 
constant current-constant voltage (CC-CV) method (see Fig. 
4) is applied to control the charging, prolong battery life and 
prevent battery degradation [13, 22, 24]. In this method, a CC 
mode is switched to a CV mode once the battery voltage 
reaches its upper threshold value, causing the charging current 
to reduce exponentially while increasing the state of charge 
(SoC) of the battery [22, 25].  
 
Figure 1: Connection topology and point for DC fast charger. 
 
 
Figure 3: DC/DC charger with a buck-boost DC/DC converter and 
equivalent battery model. 
 
 
 
Figure 2: Two-level three-phase VSC topology for AC/DC rectifier. 
 
 
 
Figure 4: CC-CV method for lithium-ion batteries [25]. 
 
 
III. MODELLING OF CASE STUDIES IN A DISTRIBUTION 
NETWORK 
This section deals with the modelling of the MV/LV 
distribution network during maximum and minimum loading 
conditions. The PSCAD software has been used to implement 
the model and perform different case studies. The data for the 
MV/LV network has been provided by Western Power 
Distribution (WPD) and represents a part of the practical 
network located in South East Wales. 
A. MV/LV distribution network 
The distribution network is connected to the 33 kV grid. 
Voltage is stepped down to 11 kV by two 15 MVA 
transformers for the nearest substation. At the 11 kV 
substation, all voltage levels are stepped down to 0.4 kV with 
0.5 MVA transformers. The LV side of the network consists 
of 63 residential properties and one commercial building 
connected at different 0.4 kV busbars. The LV network is 
purely connected by underground cables. Fig. 5 presents the 
simplified nodal representation of the LV network. 
The LV side of the network contains different nodes (1 to 
15) and each node has a different number of consumers with 
different demand and consumption data. Node 15 represents 
the only commercial property located in the Southern region 
of the LV network. Each residential property has an annual 
energy consumption of 4,000 kWh, whereas the commercial 
building has an annual energy consumption and load factor of 
50,000 kWh and 30-40%, respectively.  
The number of residential consumers is evenly distributed 
over the length of the cable in each segment of the LV 
distribution network. A lumped load at the far-end of each 
cable is considered and the exact equivalent demand for 
lumped loads is calculated by taking into account a diversity 
factor. Equation (1) and Table I are employed to determine the 
equivalent lumped load demand for each section of the 
network under maximum and minimum loading, respectively. 
 PN + Q√N = LD () 
where P, N, Q and LD represent active power, total number 
of consumers in a group, reactive power, and maximum and 
minimum lumped demands, respectively. LD values are 
calculated with maximum and minimum network demand. 
TABLE I.  CALCULATION OF EQUIVALENT LUMPED DEMAND AT 
MAXIMUM AND MINIMUM  LOAD 
Nodes 
Number of 
Consumers 
(N) 
Max P & Q 
Min P & Q 
[kW] 
Maximum 
LD 
[kW] 
Minimum 
LD 
[kW] 
5–8 8 
1.24 and 0.74 
0.24 and 0.16 
12.01 2.37 
4–7 7 
1.24 and 0.74 
0.24 and 0.16 
10.64 2.10 
3–6 6 
1.24 and 0.74 
0.24 and 0.16 
9.25 1.83 
12–13 8 
1.24 and 0.74 
0.24 and 0.16 
12.01 2.37 
11–12 12 
1.24 and 0.74 
0.24 and 0.16 
17.44 3.43 
12–14 10 
1.24 and 0.74 
0.24 and 0.16 
14.74 2.91 
10–11 6 
1.24 and 0.74 
0.24 and 0.16 
9.25 1.83 
2–10 6 
1.24 and 0.74 
0.24 and 0.16 
9.25 1.83 
15 1 
12.9 
5.0 
12.9 5.0 
 
Maximum and minimum lumped demand are calculated 
for each aggregated residential and commercial group over a 
period of 24-hours based on load profiles obtained from WPD 
(see Fig. 6). Nodes 11-12 and 12-14 have a larger number of 
residential properties (12 and 10, respectively); therefore, a 
larger equivalent lumped demand is calculated and connected 
between these points in the network. According to Fig. 6, the 
commercial node has a higher consumption between the hours 
of 10:00-16:00, whereas each aggregated residential group has 
a higher consumption than the commercial building between 
the hours of 16:00-02:00. Load profiles also show the increase 
in total network demand if 10-kW chargers were to be 
replaced with 30-kW chargers between the hours of 07:00-
09:00 and 17:00-20:00. A worst-case scenario is therefore 
adopted and 50-kW and 250-kW chargers are assumed to 
operate during peak hours with maximum network demand. 
 
Figure 5: Simplified nodal representation of the MV/LV network. 
 
 
Figure 6: Load profile of lumped consumer groups. 
 
IV. RESULTS AND DISCUSSION 
The impact of connecting a DC fast charger (50-kW and 
250-kW) next to a commercial node in the network is 
assessed. Load curves are used, and voltage profiles and load 
currents are analysed when the network demand is at 
maximum (18:00-19:00) and minimum (03:00-04:00) loading 
conditions. It is assumed that the charging occurs during 
maximum loading. The implementation of voltage control 
measures and a V2G technology are considered at a later stage 
to investigate how challenges in the network can be eliminated 
or, in the worst case, mitigated.  
A. Simulation of battery dynamics during 50-kW charging 
A 50-kW grid-tied three-phase battery system consisting 
of a DC/DC charger and a bidirectional AC/DC converter and 
operating at 500 V DC nominal voltage is modelled near the 
commercial load at Node 15 to represent the dynamics of fast 
charging. The characteristics of the 50-kW battery system are 
illustrated in Fig. 7 and the initial SoC of the battery is 
assumed to be 50%. The initial stage of the simulation shows 
that the battery current is high due to a high charging current 
from the CC mode, whereas the battery voltage is inversely 
proportional and hence low. Once steady-state is reached, the 
battery current starts reducing (at 0.25s) and eventually 
maintains its value at –96.2 A, while the battery voltage and 
power reach 520 V and –50 kW, respectively. The battery 
power is negative since the battery is charging and its SoC is 
increasing due to the CV mode starting around 0.75s.  
B. Impact of 50-kW charger on the LV network profiles 
Voltage changes across busbars in the LV network are 
investigated with the connection of the 50-kW charger during 
maximum and minimum network loading. Voltage profiles 
with and without the charger for both loading conditions are 
provided in Figs. 8 and 9.  
According to Fig. 8, during maximum network demand 
and loading, all voltage profiles at the LV network experience 
drops following the connection of the 50-kW fast charger near 
the commercial load at Node 15. The maximum and minimum 
voltage drops are around 5.5% and 4% across all LV busbars. 
The maximum voltage drop occurs at the point of charging, 
where it drops from 1.066 to 1.008 p.u. According to the 
Distribution Network Operator (DNO) licence obligation, all 
busbars connected at the LV must always operate within 1.1 
p.u. (+10%) and 0.94 p.u. (−6%). Therefore, the voltage drops 
exhibited in this study is acceptable. However, it is worth 
mentioning that if the size of nearby loads or charger were to 
increase, or a fast charger was to be connected to a less flexible 
point in the network, a further voltage drop could become 
inevitable. In this case, voltage control measures can be 
provided by DG deployment, static VAr compensator (SVC) 
connection and on-load tap changer (OLTC) installation for 
distribution transformers. 
According to Fig. 9, during minimum network demand 
and loading, all voltage profiles at the LV distribution network 
experience voltage drops with the connection of a 50-kW 
charger. The results show that the maximum and minimum 
voltage drops are 5.4% and 4% respectively. The maximum 
drop occurs at the point of charging as before and the 
minimum drop occurs at Nodes 6, 7 and 8 since these are the 
closest to the main substation and the transformer with taps, 
and farthest from the point of charging. The voltage results 
show that the network is more flexible for the connection and 
deployment of fast chargers during minimum loading. 
 
Figure 8: Comparison of voltage profiles with and without 50-kW charger 
during maximum network loading and demand. 
 
 
Figure 9: Comparison of voltage profiles with and without 50-kW charger 
during minimum network loading and demand. 
 
 
Figure 7: Characteristics of battery current, battery voltage, battery power 
and battery state of charge during 50-kW constant charging. 
 
Current flow at the far-end of each cable and load is also 
investigated with the connection of a 50-kW charger during 
maximum and minimum network loading. Results are shown 
in Figs. 10 and 11. 
Each node draws a higher load current during maximum 
network loading. The results show that load currents are 
relatively large at Nodes 10, 11 and 15 during charging as 
these are the most congested nodes of the LV network. The 
maximum current rise occurs at the point of charging. On the 
other hand, these points also experience larger voltage drops 
and power losses because of the relationship between power 
and current. Load currents at those three nodes are relatively 
large even during minimum network loading. This sudden 
increase in current associated with a larger demand and 
consumption due to charging may also affect the operation of 
transformers by causing overheating problems. Two control 
measures are introduced and implemented to counter possible 
distribution grid challenges in the next section. 
C. Implementation and comparison of voltage control 
measures and a V2G in the LV network   
The southern region of the network (Nodes 10 to 15) is 
heavily congested since it has larger demand and consumption 
than the northern region (Nodes 2 to 8). Simulation results 
showed that the 50-kW fast charger causes large voltage drops 
and current rises in the southern region of the LV network. In 
this section, the 50-kW charger is replaced with a 250-kW 
charger in Node 15, the number of commercial building is 
increased from one to three in Node 15, and the number of 
residential properties at Nodes 10, 11 and 12 is doubled to 
counter affected voltage profiles and increased network 
overloading and losses during maximum network demand. 
Load current, power flow, and voltage profiles are 
analysed in Nodes 10 to 15 without any control measures. 
Then, the implementation and modelling of three small-scale 
DG wind turbine models (2.5 kW each) and V2G system are 
considered to support the LV network between peak loading 
hours. The improvement in network voltages, active power 
flows and current flows are shown in Figs. 12 to 14. 
As observed in Fig. 12, the voltage drops are significantly 
larger in the southern region of the network after the 
connection of the 250-kW charger near the larger commercial 
loads. The maximum voltage drop occurs at the point of 
charging and voltages operate at values closer to the DNO 
lower limit of −6%. However, an improvement of up to 1.5% 
and 11% can be achieved in voltage profiles with the 
implementation of three small-scale DG units and a V2G 
system, respectively. Once the V2G system is enabled, the 
250-kW charger and the battery system export power onto the 
grid since the direction of current is reversed and the battery 
system is discharged.  
The effects of enabling the V2G mode at the point of 
charging at t = 5.8s on load currents and power losses are also 
presented in Figs. 13 and 14. Simulation results show that high 
load currents and power losses at busbars closer to the 
charging point (Nodes 10, 11 and 15) can be reduced 
significantly, which also reduces overloading in distribution 
network equipment such as cables and transformers.  
V. CONCLUSION 
EVs are not yet fully capable of charging at speeds that are 
comparable to gas refuelling speeds of ICEVs. Therefore, 
more sophisticated charging options are necessary to improve 
 
Figure 13: Variation and change in current with V2G enabled at t=5.8s. 
 
 
 
Figure 12: Voltage improvement during maximum network loading with 
three DG units and V2G system. 
 
 
 
Figure 10: Comparison of RMS currents with and without 50-kW charger 
during maximum network loading and demand. 
 
 
 
Figure 11: Comparison of RMS currents with and without 50-kW charger 
during minimum network loading and demand. 
 
 
 
Figure 14: Variation and change in power flow with V2G enabled at t=5.8s. 
 
 
end-user experience and preserve a smoother traffic operation. 
Level III public DC fast chargers have been made available 
for these purposes, with the advantages of reducing range 
anxiety among drivers, reducing service time at charging 
stations, and allowing drivers to charge their vehicles freely 
and whenever they want by increasing access to charging 
stations located in motorways and shopping malls. However, 
it is still uncertain whether the existing and future power 
networks will have an adequate integration and hosting 
capacity since Level III chargers will increase peak demand 
and pose some significant challenges, such as increased power 
losses and network equipment, and other power quality issues. 
Thus, it is of high importance to ensure that power networks 
are securely operating within acceptable limits following the 
connection of thousands of fast/rapid chargers. 
In this paper, the dynamics and effects of DC fast charging 
on a practical MV/LV distribution network have been 
investigated. Simulation results show that the addition of 50-
kW and 250-kW chargers near large commercial loads affect 
the operation and reliability of the LV network unless 
adequate or smart control measures are implemented during 
peak network demand. The results show that fast charging 
affects voltage profiles, increases load current, power losses 
and network overloading, and modifies power flows. 
Furthermore, connecting chargers with a higher power 
requirement in congested regions of the network causes larger 
voltage drops and current rises in the LV side of the network.  
Given the increased voltage drops and current rises when 
a 250-kW charger is considered together with an increased 
network demand, necessary control measures have been 
introduced by the implementation of three small-scale DG 
units and a V2G system to counter and mitigate possible 
distribution grid challenges during maximum network loading 
conditions. The results show that V2G can achieve a voltage 
improvement of up to 11% and a current reduction of up to 
40% at the point of charging. Moreover, V2G can also 
improve voltages by up to 8-9% higher compared to the 
deployment of the three small-scale DG units. However, 
installing DG of larger capacity can also be effective at 
improving grid-side challenges.  
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